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Abstract
When the megalopa stage of estuarine crab species becomes competent for settlement and
metamorphosis, it responds to specific chemical and physical cues from the adult environment.
Delayed metamorphosis in the absence of such cues is beneficial insofar as it increases the
probability of finding a suitable habitat, and it may also enhance the genetic exchange between
separate populations. However, this developmental and behavioural response may incur energetic
costs reducing the fitness of later life-history stages. In a laboratory investigation, we studied
postmetamorphic consequences of delayed metamorphosis for growth and survival in early
juvenile instars (I through V) of an estuarine grapsid crab, Chasmagnathus granulata (Dana,
1851). In competent megalopa larvae of this species, metamorphosis is induced by chemical cues
from muddy substrates and conspecific adults (control treatment). After delayed metamorphosis in
the absence of these cues (experimental treatment), survival and body size were significantly
reduced in the first crab stage, and the duration of development to the second juvenile instar was
significantly longer. Survival, moult-cycle duration, and percentage growth increments were not
significantly affected in later juvenile instars. However, as a consequence of the initial reduction in
development and growth, the crabs from the experimental treatment remained consistently smaller
and moulted later to successive instars than in the control group. Our results indicate that delayed
metamorphosis is associated with a reduced postmetamorphic fitness in an estuarine crab species.
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1. Introduction
Many invertebrate larvae are able to postpone their metamorphosis in the absence of
characteristic environmental cues originating from the preferred habitat of settlement
(Crisp, 1974). This flexibility in the timing of metamorphosis has been considered as a
selective advantage, because it should enhance the probability of locating a habitat that
is favourable for the subsequent survival of juvenile and adult life-history stages
(Thorson, 1950; Crisp, 1974; Obrebski, 1979). However, these potential benefits might
be reduced or outweighed when delayed metamorphosis has also negative consequences
for postmetamorphic fitness, for example a reduction of juvenile survival or growth, or a
delay in the onset of sexual maturity.
Late effects of delayed metamorphosis have been experimentally investigated in
several marine invertebrate species, with negative consequences shown in particular for
species with lecitotrophic larvae (for a recent review, see Hunt and Scheibling, 1997). In
bryozoans (Bugula stonolifera, B. neritina), for instance, a delay of larval metamor-
phosis may result in retarded colony growth and development (Woollacott et al., 1989;
Wendt, 1996). Reduced juvenile survival was observed in a polychaete, Capitella sp.
(Pechenik and Cerulli, 1991), and reduced juvenile growth in a barnacle species,
Balanus amphitrite (Pechenik et al., 1993). In species with feeding larvae, in contrast, a
prolonged premetamorphic period may not normally affect the survival and growth of
juveniles. Although a reduced postmetamorphic growth was measured in a spionid
polychaete, Polydora ligni (Qian et al., 1990), no such effects were found in several
other marine vertebrates and invertebrates with planktivorous larvae (Victor, 1986;
Pechenik and Eyster, 1989; Miller and Hadfield, 1990; Cowen, 1991).
In decapod crustaceans, delayed metamorphosis or consequences thereof have been
studied less extensively than in other marine invertebrates, and no consistent response
patterns have been described (Hunt and Scheibling, 1997). When hermit crab megalopae
were reared in the absence of a suitable snail shell, some species showed a considerable
delay, while others did not respond to this cue (for a recent review, see Harvey, 1996).
Also, some hermit species respond to conspecifics (Harvey, 1996) or land (Harvey,
1992). In another anomuran, the porcelain crab Petrolisthes cinctipes, the megalopa can
delay its metamorphosis by up to about 3 weeks, when waterborne cues from conspecific
adults are absent (Jensen, 1991). In the recruiting stages of lobsters, the availability of
shelter from predation may be crucial for the timing of settlement and metamorphosis
(Cobb and Wahle, 1994). Among the Brachyura, a delay of metamorphosis is common
in estuarine species. This was observed in the blue crab (Callinectes sapidus), a mud
crab (Rhithropanopeus harrisii), and some species of fiddler crab (Uca), when chemical
or physical cues from the adult habitat were absent (e.g., Wolcott and de Vries, 1994;
Forward et al., 1996, 1997a,b; O’Connor and Judge, 1997; Fitzgerald et al., 1998;
O’Connor and Gregg, 1998). In marine crabs, the delay of metamorphosis has been
studied less intensively, although similar response patterns may be expected there too, at
least in species that are strictly specialised in a particular type of habitat.
A similar response was recently shown also in an estuarine grapsid crab from South
America, Chasmagnathus granulata (Dana, 1851), which lives in brackish coastal
lagoons and adjacent salt marshes. Metamorphosis of the megalopa is, in this species,
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stimulated by chemical cues from conspecific adults, muddy sediments, or a combination
thereof (Gebauer et al., 1998). In the present study, we investigated the effects of
delayed metamorphosis on postmetamorphic fitness, measured as rates of survival and
body growth in juvenile crabs.
2. Materials and methods
Larvae of Chasmagnathus granulata were obtained from females that were collected
from Mar Chiquita lagoon, Argentina, and transported to the Marine Biological Station
Helgoland, Germany. The larvae were mass-reared from hatching through the Zoea IV
stage in 10 l glass bottles, with gentle aeration and constant conditions of temperature
(188C), salinity (32‰), and 12:12 h light:dark. Water and food (freshly hatched Artemia
sp. nauplii) were changed daily.
In order to test for possible effects of delayed metamorphosis on later growth and
survival, 300 freshly moulted megalopae were distributed among four experimental
treatments with 75 individuals each: (a) muddy sediment added to the cultures; (b)
seawater previously incubated with conspecific adults; (c) a piece of nylon gauze (200
mm mesh size) added as a substrate; (d) filtered (1 mm) seawater only (no substrate, no
incubation with adults; Gebauer et al., 1998). Each treatment comprised five replicate
culture bowls with 15 megalopae reared in 390 ml seawater. The conditions of
temperature, salinity, photoperiod, feeding, and water change remained the same as
described above. Freshly metamorphosed juveniles were transferred to individual plastic
vials with 80 ml seawater and gauze as a substrate, and reared through the crab V instar.
Megalopae and juveniles were checked daily for mortality and moults. Carapace width
(CW) and length (CL) of exuviae (only from juveniles) were measured under a Wild
stereo microscope with an eye-piece micrometer to the nearest 0.02 mm (crab I–III) or
0.04 mm (later instars).
All statistical analyses followed standard techniques (Sokal and Rohlf, 1995).
Between the experimental treatments, we compared measurements of moult-cycle
duration, body size, and growth rate in successive juvenile instars. When data deviated
significantly from a normal distribution (Kolmogorov–Smirnov test) or when variances
deviated from homogeneity (Levene’s median test), we used the non-parametric Mann–
Whitney rank sum test for comparisons of mean values, otherwise Student’s t-test. The
G-test of independence was used to analyse possible effects of delayed metamorphosis
on juvenile mortality. Slopes and intercepts of growth curves (intermoult period or
growth increment regressed on CW, CW vs. age) were compared by means of ANCOVA
(intercepts after removal of the interaction term, if slopes did not differ significantly).
3. Results
Corresponding with the results of a previous study (Gebauer et al., 1998), larvae were
stimulated to metamorphose by mud and conspecific adults (treatments (a) and (b)). In
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the presence of nylon gauze (treatment (c)) or filtered seawater only (treatment (d)), the
larvae delayed metamorphosis by approximately 3.5 days (31%). Since, within each of
these two sets of experiments, development, survival, and growth did not vary
significantly, we pooled the data into two groups, respectively. In the following,
treatments (a) and (b) are thus considered together as a ‘control’ condition (without delay
of metamorphosis), while treatments (c) and (d) together represent the ‘experimental’
condition (with delay).
In the absence of mud or conspecific adults, both mortality and development duration
were significantly enhanced in the megalopa stage compared with the control group (Fig.
1). The same effects, only weaker, occurred also in the first juvenile crab stage. In the
subsequent instars (II–V), mortality was generally low (0–4%), without clear differ-
ences between the two treatments. Also, the moult-cycle duration (MCD) of these
successive instars was similar in the two groups (Fig. 1b). Ontogenetically, the instar
duration showed a gradually increasing tendency in both groups (cf. Fig. 3b).
The body size of early juveniles (carapace width (CW) in instars I and II) was
significantly smaller in the treatment with delayed metamorphosis than in the control
group (Fig. 2a). This difference persisted throughout the subsequent juvenile stages,
although it was generally small and statistically not significant in instars III to V. The
same patterns were observed also in carapace length (CL).
The CL:CW ratio was unaffected by the experimental treatment (Fig. 2b). This
morphometric index decreased significantly during the course of development through
successive juvenile stages. In the first crab stage, the carapace was longer than wide
(CL:CW5 1.1) but, as a consequence of allometric growth, these dimensions became
equal in crab II. The typical brachyuran shape (CW . CL) was gradually attained in the
subsequent juvenile instars.
The average size increments at ecdysis (expressed as a percentage of premoult CW or
CL) showed no significant influence of the experimental treatments. In the moult from
crab I to II, CL increased by ca. 15%, and in the subsequent ecdyses by 18–21%. The
increment in CW, in contrast, was maximum in the first two moults (27–28%), but lower
in later juvenile stages (22–23%). When these increments are related to the duration of
the moulting cycle (i.e. expressed as an average instantaneous growth rate in millimeters
per day), the lowest rates occurred consistently in the first juvenile (0.039 mm/day in
CW, 0.022–0.027 mm/day in CL), followed by higher values in the subsequent stages
(ca. 0.048–0.050 mm/day in CW, 0.035–0.040 in CL). No effects of delayed
metamorphosis were detected in either the percentage increments or the average daily
growth rates.
When growth increments at ecdysis (in percent of premoult size) were plotted against
premoult body size (CW), a highly significant negative relationship was obtained.
Statistical comparisons showed that both the slope and the intercept of the linearized
regressions remained unaffected by the experimental treatment (Y values transformed
logarithmically to comply with the requirements for parametric tests). Thus, all our data
could be pooled to demonstrate this general relationship (Fig. 3a). The same holds true
for the positive relationship between moult-cycle duration (MCD) and body size (CW)
in successive juvenile instars (Fig. 3b).
A highly significant effect of delayed metamorphosis was found in the relationship
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Fig. 1. (a) Mortality (percent of survivors to a given stage; initial n 5 150 per treatment). (b) Moult-cycle
duration (MCD, days) in the megalopa (Meg) and juvenile crab (C) stages I–V of Chasmagnathus granulata
reared in experimental (exp.) and control treatments (with or without delayed metamorphosis, respectively).
] * ** ***x6SD; statistically significant differences marked with asteriks ( P , 0.05, P , 0.01, P , 0.001); other
differences (not marked) statistically not significant.
between juvenile body size and age. This influence of experimental treatments can be
demonstrated when CW is plotted against time (expressed in days from the beginning of
the experiment, i.e. from the beginning of the megalopa stage; Fig. 4). The individuals
with an experimentally delayed metamorphosis moulted consistently later to successive
juvenile instars, and in each instar they showed a slightly smaller body size than those in
the control group (cf. Fig. 2a). In consequence, the slopes of the regression lines were
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Fig. 2. (a) Carapace width (CW, mm). (b) Quotient of carapace length (CL) to carapace width (CL:CW) in the
juvenile crab stages I–V of Chasmagnathus granulata reared in experimental (exp.) and control treatments
(with or without delayed metamorphosis, respectively). For further explanation, see Fig. 1.
not significantly different, but the intercept parameter in the experimental group (with
delayed metamorphosis) was significantly smaller than in the control (P , 0.0001).
A major part of this shift was caused by the delay in the time of metamorphosis from
the megalopa to the first juvenile. This effect was enhanced by a significantly reduced
body size in the resulting juveniles. Additionally, small (although statistically in-
significant) delays of moulting occurred also in most of the later juvenile instars (Fig.
1b). The same effect (a significant parallel shift of the regression lines of CW vs. time)
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Fig. 3. (a) Increment at ecdysis (percent of premoult carapace width, CW, mm) in relation to premoult CW. (b)
Moult-cycle duration (MCD, days) in four successive juvenile moults (instars crab I through IV) of
Chasmagnathus granulata reared in experimental (exp.) and control treatments (with or without delayed
2
metamorphosis; filled and open plot symbols, respectively). r : coefficient of determination for linearized
regression equations. For further explanation, see Fig. 1.
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Fig. 4. Carapace width (CW, mm) as a function of time (days after the beginning of the megalopa stage) in the
juvenile crab stages I–V of Chasmagnathus granulata reared in experimental (exp.) and control treatments
(with or without delayed metamorphosis, respectively). For further explanation, see Figs. 1 and 3.
was obtained also when the delay in the megalopa was disregarded and only the time of
juvenile development after metamorphosis was considered.
4. Discussion
In most marine invertebrate species investigated so far, metamorphosis cannot be
delayed indefinitely. In the absence of an appropriate stimulus, the larval period is
terminated either with larval death, or with a ‘spontaneous’ metamorphosis. The latter
phenomenon, which occurred also in Chasmagnathus granulata, may be selected for by
a decrease in juvenile fitness after a prolonged larval period (Pechenik, 1985, 1990).
This hypothesis is supported by our present investigation, in which we measured the
rates of survival, development, and body growth as independent criteria of juvenile
fitness. In the absence of metamorphosis-stimulating signals, mortality and moult-cycle
duration were significantly increased not only in the megalopa stage, but also in the
resulting first juvenile instar (Fig. 1). In addition, the body size of early juveniles was
significantly reduced after delayed metamorphosis (Fig. 2a). Hence, our data indicate
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consistently that a prolongation of the larval phase represents a condition of physiologi-
cal stress.
The reduced body size of the crab I after delayed metamorphosis indicates that the
megalopa lost significant amounts of energy reserves during the additional time of its
development. Since the megalopa of C. granulata is, as in most decapod species, a
feeding stage, one should not necessarily expect such losses. However, its ingestion rate
may substantially decrease during the late (premoult) phase of the moulting cycle, also
under constant and optimal conditions, presumably controlled by endocrine factors
(Anger, 1991). During this final phase of larval development, the megalopa becomes
competent for metamorphosis and may thus fully ‘concentrate’ on searching for a
suitable habitat rather than for food. Thus, a prolonged premetamorphic period with little
or no feeding activity should imply an increased utilization of internally stored reserves
and, in consequence, reduce the postmetamorphic body size.
In later juvenile instars, crabs from larvae that had delayed metamorphosis were
apparently not able to catch up in growth with unstressed siblings, although there were
no significant late effects on survival or moult-cycle duration in the crab II or subsequent
instars. Lack of compensatory growth in late juvenile stages is indicated by a small but
persisting size difference between the two treatment groups. Since the individual size
variability increases in later instars, the small difference in mean CW became
statistically insignificant in instars III–V (Fig. 2a). As an additional veiling effect,
size-specific survival (especially in the crab I stage) may reduce the difference in average
body size between the two experimental groups. In juveniles of another crab species,
Hyas araneus (Kunisch and Anger, 1984), proportionally higher mortality occurred in
undersized individuals, suggesting a particularly high mortality of the weakest in-
dividuals. In our present material, however, this effect was statistically not significant.
The allometry of juvenile growth was not influenced by the preceding experimental
conditions: in successive juvenile instars, the carapace length to width ratio (CL:CW)
decreased clearly, independent of stimulated or delayed metamorphosis (Fig. 2b). This
ontogenetic change in body dimensions is typical of brachyuran crabs (Hartnoll, 1982),
which should caution against direct comparisons of differential size dimensions
measured in different studies.
Due to their later moulting and smaller average size (Fig. 4), delayed individuals
should be particularly vulnerable to predation, especially to intraspecific predation within
a cohort of recently settled juvenile crabs (Eggleston and Armstrong, 1995; Hunt and
Scheibling, 1997; Moksnes et al., 1998). In laboratory experiments, young C. granulata
are highly cannibalistic, especially during ecdysis. In the presence of earlier moulted (i.e.
already hardened) and larger conspecifics, survival should thus decrease as an indirect
consequence of delayed metamorphosis. In addition, smaller juveniles are probably
weaker competitors for food and refuge, which should further reduce their chances of
survival and growth in the natural habitat (Hines, 1986).
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